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This century has seen the global spread of two previously unknown coronaviruses. In November 2002, the first known case of severe acute respiratory syndrome (SARS) occurred in Foshan, China^[@CR1]^. New cases emerged in mainland China, and by February 2003, more than 300 cases had been reported, around one-third of which were in health care workers^[@CR1]^. Individuals who were infected and subsequently travelled spread the outbreak to Hong Kong^[@CR2]^ and from there to Vietnam, Canada and several other countries^[@CR3]^. In March 2003, the WHO established a network of laboratories to determine the causative agent of SARS. A remarkable global effort led to the identification of SARS coronavirus (SARS-CoV) in early April of that year^[@CR4],[@CR5],[@CR6]^. By July 2003 and after a total of 8,096 reported cases, including 774 deaths in 27 countries^[@CR7]^, no more infections were detected, and the SARS pandemic was declared to be over. Five additional SARS cases, resulting from zoonotic transmission, occurred in December 2003--January 2004 (Ref. [@CR8]), but no human SARS cases have been detected since. Measures of infection control, rather than medical interventions, ended the SARS pandemic. However, certain SARS-CoV-like viruses found in bats have recently been shown to be able to infect human cells without prior adaptation^[@CR9],[@CR10]^, which indicates that SARS could re-emerge.

In June 2012, 10 years after the first emergence of SARS-CoV, a man in Saudi Arabia died of acute pneumonia and renal failure. A novel coronavirus, Middle East respiratory syndrome coronavirus (MERS-CoV), was isolated from his sputum^[@CR11]^. A cluster of cases of severe respiratory disease had occurred in April 2012 in a hospital in Jordan and was retrospectively diagnosed as MERS^[@CR12]^, and a cluster of three cases of MERS in the UK was identified in September 2012 (Ref. [@CR13]). MERS-CoV continued to emerge and spread to countries outside of the Arabian Peninsula as a result of travel of infected persons; often, these imported MERS cases resulted in [nosocomial transmission](#Glos1){ref-type="list"}. In May 2015, a single person returning from the Middle East started a nosocomial outbreak of MERS in South Korea that involved 16 hospitals and 186 patients^[@CR14]^. As of 26 April 2016, there have been 1,728 confirmed cases of MERS, including 624 deaths in 27 countries^[@CR15]^.

This Review highlights the pandemic and epidemic potential of emerging coronaviruses and discusses our current knowledge of the biology of SARS-CoV and MERS-CoV, including their transmission, their pathogenesis and the development of medical countermeasures. Key features of these viruses are the dominance of nosocomial transmission, and pathogenesis that is driven by a combination of viral replication in the lower respiratory tract and an aberrant host immune response. Several potential treatments for SARS and MERS have been identified in animal and *in vitro* models, including small-molecule protease inhibitors, neutralizing antibodies and inhibitors of the host immune response. However, efficacy data from human clinical trials are lacking but are needed to move these potential countermeasures forward.

Replication of SARS-CoV and MERS-CoV {#Sec2}
====================================

SARS-CoV and MERS-CoV belong to the Coronavirus genus in the *Coronaviridae* family and have large, positive-sense RNA genomes of 27.9 kb and 30.1 kb, respectively ([Fig. 1a](#Fig1){ref-type="fig"}). Similarly to all viruses in the order *Nidovirales*, SARS-CoV and MERS-CoV have a unique coding strategy: two-thirds of the viral RNA is translated into two large polyproteins, and the remainder of the viral genome is transcribed into a nested set of subgenomic mRNAs^[@CR16],[@CR17]^ ([Fig. 1b](#Fig1){ref-type="fig"}). The two polyproteins, pp1a and pp1ab, encode 16 non-structural proteins (nsp1--nsp16)^[@CR18]^ that make up the viral replicase--transcriptase complex. The polyproteins are cleaved by two proteases, papain-like protease (PLpro; corresponding to nsp3) and a main protease, 3C-like protease (3CLpro; corresponding to nsp5). The nsps rearrange membranes that are derived from the rough endoplasmic reticulum (RER) into double-membrane vesicles, in which viral replication and transcription occur^[@CR19]^. One unique feature of coronaviruses is the exoribonuclease (ExoN) function of nsp14 (Ref. [@CR20]), which provides the [proofreading](#Glos2){ref-type="list"} capability required to maintain a large RNA genome without the accumulation of detrimental mutations^[@CR21],[@CR22]^. SARS-CoV and MERS-CoV transcribe 12 and 9 subgenomic RNAs, respectively, and these encode the four structural proteins spike (S), envelope (E), membrane (M) and nucleocapsid (N), as well as several accessory proteins that are not involved in viral replication but interfere with the host innate immune response or are of unknown or poorly understood function.Figure 1SARS-CoV and MERS-CoV structure and replication.**a** \| The single-stranded RNA (ssRNA) genomes of severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV) encode two large polyproteins, pp1a and pp1ab, which are proteolytically cleaved into 16 non-structural proteins (nsps), including papain-like protease (PLpro), 3C-like protease (3CLpro), RNA-dependent RNA polymerase (RdRp), helicase (Hel) and exonuclease (ExoN). An additional 9--12 ORFs are encoded through the transcription of a nested set of subgenomic RNAs. SARS-CoV and MERS-CoV form spherical particles that consist of four structural proteins. The envelope glycoprotein spike (S) forms a layer of glycoproteins that protrude from the envelope. Two additional transmembrane glycoproteins are incorporated in the virion: envelope (E) and membrane (M). Inside the viral envelope resides the helical nucleocapsid, which consists of the viral positive-sense RNA ((+)RNA) genome encapsidated by protein nucleocapsid (N). **b** \| Following entry of the virus into the host cell, the viral RNA is uncoated in the cytoplasm. ORF1a and ORF1ab are translated to produce pp1a and pp1ab, which are cleaved by the proteases that are encoded by ORF1a to yield 16 nsps that form the RNA replicase--transcriptase complex. This complex localizes to modified intracellular membranes that are derived from the rough endoplasmic reticulum (ER) in the perinuclear region, and it drives the production of negative-sense RNAs ((−)RNAs) through both replication and transcription. During replication, full-length (−)RNA copies of the genome are produced and used as templates for full-length (+)RNA genomes. During transcription, a subset of 7--9 subgenomic RNAs, including those encoding all structural proteins, is produced through discontinuous transcription. In this process, subgenomic (−)RNAs are synthesized by combining varying lengths of the 3′ end of the genome with the 5′ leader sequence necessary for translation. These subgenomic (−)RNAs are then transcribed into subgenomic (+)mRNAs. Although the different subgenomic mRNAs may contain several ORFs, only the first ORF (that closest to the 5′ end) is translated. The resulting structural proteins are assembled into the nucleocapsid and viral envelope at the ER--Golgi intermediate compartment (ERGIC), followed by release of the nascent virion from the infected cell.[PowerPoint slide](#MOESM6){ref-type="media"}

The envelope spike glycoprotein binds to its cellular receptor, angiotensin-converting enzyme 2 (ACE2) for SARS-CoV and dipeptidyl peptidase 4 (DPP4) for MERS-CoV^[@CR23]^. After membrane fusion, either directly with the host cell membrane or with the endosome membrane, the viral RNA genome is released into the cytoplasm, and the RNA is uncoated to allow translation of the two polyproteins, transcription of the subgenomic RNAs and replication of the viral genome ([Fig. 1b](#Fig1){ref-type="fig"}). Newly formed envelope glycoproteins are inserted in the RER or Golgi membranes; genomic RNA and nucleocapsid proteins combine to form nucleocapsids, and the viral particles bud into the [ER--Golgi intermediate compartment](#Glos3){ref-type="list"} (ERGIC). Virion-containing vesicles subsequently fuse with the plasma membrane to release the virus^[@CR24]^.

Reservoirs and transmission {#Sec3}
===========================

The first indication of the source of SARS-CoV was the detection of the virus in masked palm civets and a raccoon dog and the detection of antibodies against the virus in Chinese ferret badgers in a live-animal market in Shenzhen, China^[@CR25]^. However, these animals were only incidental hosts, as there was no evidence for the circulation of SARS-CoV-like viruses in palm civets in the wild or in breeding facilities^[@CR26]^. Rather, bats are the reservoir of a wide variety of coronaviruses, including SARS-CoV-like and MERS-CoV-like viruses^[@CR27]^ ([Fig. 2](#Fig2){ref-type="fig"}).Figure 2The emergence of SARS-CoV and MERS-CoV.Bats harbour a wide range of coronaviruses, including severe acute respiratory syndrome coronavirus (SARS-CoV)-like and Middle East respiratory syndrome coronavirus (MERS-CoV)-like viruses. SARS-CoV crossed the species barrier into masked palm civets and other animals in live-animal markets in China; genetic analysis suggests that this occurred in late 2002. Several people in close proximity to palm civets became infected with SARS-CoV. A MERS-CoV ancestral virus crossed the species barrier into dromedary camels; serological evidence suggests that this happened more than 30 years ago. Abundant circulation of MERS-CoV in dromedary camels results in frequent zoonotic transmission of this virus. SARS-CoV and MERS-CoV spread between humans mainly through nosocomial transmission, which results in the infection of health care workers and patients at a higher frequency than infection of their relatives.[PowerPoint slide](#MOESM7){ref-type="media"}

Thus, the search for the reservoir of MERS-CoV initially focused on bats, but a serological survey in dromedary camels from Oman and the Canary Islands showed a high prevalence of MERS-CoV-neutralizing antibodies in these animals^[@CR28]^. In addition, MERS-CoV RNA was detected in swabs that were collected from dromedary camels at a farm in Qatar that was linked to two human cases of MERS, and infectious virus was isolated from dromedary camels in Saudi Arabia and Qatar^[@CR29],[@CR30],[@CR31],[@CR32]^. Serological evidence for the circulation of a MERS-CoV-like virus in dromedary camels has been obtained in the Middle East, Eastern Africa and Northern Africa, dating back as far as 1983 (Ref. [@CR33]). Dromedary camels in Saudi Arabia harbour several viral genetic lineages^[@CR34]^, including those that have caused human outbreaks. Taken together, these data strongly point to the role of dromedary camels as a reservoir for MERS-CoV. The ubiquity of infected dromedary camels close to humans and the resulting continuing zoonotic transmission may explain why MERS-CoV continues to cause infections in humans, whereas SARS-CoV, without the continuing presence of an infected intermediate host and with relatively infrequent human--bat interactions, has caused no more infections in humans.

Human-to-human transmission of SARS-CoV and MERS-CoV occurs mainly through nosocomial transmission; 43.5--100% of MERS cases in individual outbreaks were linked to hospitals, and very similar observations were made for some of the SARS clusters^[@CR35],[@CR36]^. Transmission between family members occurred in only 13--21% of MERS cases and 22--39% of SARS cases. Transmission of MERS-CoV between patients was the most common route of infection (62--79% of cases), whereas for SARS-CoV, infection of health care workers by infected patients was very frequent (33--42%)^[@CR35]^. The predominance of nosocomial transmission is probably due to the fact that substantial virus shedding occurs only after the onset of symptoms^[@CR37],[@CR38]^, when most patients are already seeking medical care^[@CR39]^. An analysis of hospital surfaces after the treatment of patients with MERS showed the ubiquitous presence of viral RNA in the environment for several days after patients no longer tested positive^[@CR40]^. Moreover, many patients with SARS or MERS were infected through [super spreaders](#Glos4){ref-type="list"}^[@CR14],[@CR35],[@CR37],[@CR41],[@CR42],[@CR43]^.

The pathogenesis of SARS-CoV and MERS-CoV {#Sec4}
=========================================

The clinical courses of SARS and MERS are remarkably similar, although there are subtle differences ([Box 1](#Sec5){ref-type="sec"}). Owing to the current sparsity of data on human MERS-CoV infections^[@CR44]^, the pathogenesis of this virus is poorly understood; however, similar mechanisms may underlie the pathogenesis of both MERS and SARS.

The binding of spike protein to ACE2 and the subsequent downregulation of this receptor contribute to lung injury during SARS^[@CR45]^. Although it seems counterintuitive that receptor downregulation would increase pathology, it has been shown that ACE2 can protect against acute lung injury. The downregulation of ACE2 results in the excessive production of angiotensin II by the related enzyme ACE, and it has been suggested that the stimulation of type 1a angiotensin II receptor (AGTR1A) increases pulmonary vascular permeability, thus potentially explaining the increased lung pathology when the expression of ACE2 is decreased^[@CR46]^.

***Immunopathology.*** The immune response is essential for the resolution of an infection, but it can also result in immunopathogenesis. One indication that immunopathogenesis may contribute to SARS was the observation that viral loads were found to be decreasing while disease severity increased^[@CR39],[@CR47]^. It is unclear whether a similar trend applies to MERS^[@CR48],[@CR49]^. Moreover, progression to [acute respiratory distress syndrome](#Glos5){ref-type="list"} (ARDS) is associated with the upregulation of pro-inflammatory cytokines and chemokines, particularly interleukin-1β (IL-1β), IL-8, IL-6, CXC-chemokine ligand 10 (CXCL10) and CC-chemokine ligand 2 (CCL2)^[@CR50],[@CR51]^; increased plasma levels of these molecules have been detected in patients with SARS^[@CR52],[@CR53],[@CR54],[@CR55]^. Retrospective longitudinal studies in patients who recovered from SARS versus those who succumbed to the disease have shown an early expression of interferon-α (IFNα), IFNγ, CXCL10, CCL2 and proteins that are encoded by IFN-stimulated genes (ISGs) in all patients, but only patients who survived then had gene expression profiles that are indicative of the development of an adaptive immune response. By contrast, patients who succumbed maintained high levels of CXCL10, CCL2 and ISG-encoded proteins, whereas spike-specific antibodies were present at low levels or were absent^[@CR56]^, which suggests that severe disease is related to the lack of a switch from an innate immune response to an adaptive immune response.

Experiments using [Collaborative Cross mouse](#Glos6){ref-type="list"} lines and mouse-adapted SARS-CoV identified one host gene, *Trim55*, as important for SARS pathogenesis. Although there was no difference in clinical signs or viral replication in *Trim55*^−/−^ mice compared with wild-type mice, [perivascular cuffing](#Glos7){ref-type="list"} and the number of inflammatory cells in the lungs were reduced in the *Trim55*^−/−^ mice^[@CR57]^.

The involvement of the host immune response in the pathogenesis of SARS, and most likely also that of MERS, suggests that drugs which inhibit viral replication will need to be combined with treatments that control detrimental immune responses.

***Immune evasion.*** SARS-CoV and MERS-CoV use several strategies to avoid the innate immune response. Viral pathogen-associated molecular patterns (PAMPs), such as double-stranded RNA (dsRNA) or uncapped mRNA, are detected by pattern recognition receptors (PRRs), such as retinoic acid-inducible gene I protein (RIG-I; also known as DDX58) or melanoma differentiation-associated protein 5 (MDA5; also known as IFIH1)^[@CR58]^. This triggers complex signalling cascades involving MYD88 that lead to the production of [type I IFNs](#Glos8){ref-type="list"} and the activation of the transcription factor nuclear factor-κB (NF-κB). In turn, active NF-κB induces the transcription of pro-inflammatory cytokines ([Fig. 3a](#Fig3){ref-type="fig"}). Type I IFNs signal through IFNα/β receptor (IFNAR) and downstream molecules such as signal transducer and activator of transcription (STAT) proteins to stimulate the production of antiviral proteins that are encoded by ISGs, such as IFN-induced protein with tetratricopeptide repeats 1 (IFIT1; [Fig. 3b](#Fig3){ref-type="fig"}). Collectively, this establishes an antiviral immune response that limits viral replication in infected and in neighbouring cells ([Fig. 3](#Fig3){ref-type="fig"}).Figure 3Evasion of the innate immune response by SARS-CoV and MERS-CoV.**a** \| The innate immune response is activated by the detection of viral pathogen-associated molecular patterns (PAMPs), such as double-stranded RNA (dsRNA) or uncapped mRNA. This occurs via host pattern recognition receptors (PRRs), such as retinoic acid-inducible gene I protein (RIG-I) and melanoma differentiation-associated protein 5 (MDA5), potentially via dsRNA-binding partners such as IFN-inducible dsRNA-dependent protein kinase activator A (PRKRA). Following PRR-mediated detection of a PAMP, the resulting interaction of PRRs with mitochondrial antiviral-signalling protein (MAVS) activates nuclear factor-κB (NF-κB) through a signalling cascade involving several kinases. Activated NF-κB translocates to the nucleus, where it induces the transcription of pro-inflammatory cytokines. The kinases also phosphorylate (P) IFN-regulatory factor 3 (IRF3) and IRF7, which form homodimers and heterodimers and enter the nucleus to initiate the transcription of type I interferons (type I IFNs). Both severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV) have developed mechanisms to interfere with these signalling pathways, as shown; these subversion strategies involve both structural proteins (membrane (M) and nucleocapsid (N)) and non-structural proteins (nsp1, nsp3b, nsp4a, nsp4b, nsp5, nsp6 and papain-like protease (PLpro); indicated in the figure by just their nsp numbers and letters). **b** \| Binding of type I IFNs to their dimeric receptor, IFNα/β receptor (IFNAR), activates the Janus kinase (JAK)--signal transducer and activator of transcription (STAT) signalling pathway, in which JAK1 and TYK2 kinases phosphorylate STAT1 and STAT2, which form complexes with IRF9. These complexes move into the nucleus to initiate the transcription of IFN-stimulated genes (ISGs) under the control of promoters that contain an IFN-stimulated response element (ISRE). Collectively, the expression of cytokines, IFNs and ISGs establishes an antiviral innate immune response that limits viral replication in infected and in neighbouring cells. Again, viral proteins have been shown to inhibit these host signalling pathways to evade this immune response. IκBα, NF-κB inhibitor-α.[PowerPoint slide](#MOESM8){ref-type="media"}

Infection of knockout mice revealed the importance of innate immunity. Infection of *Myd88*^−/−^ and *Stat1*^−/−^ mice, but not mice that were deficient in IFN receptors, with a mouse-adapted strain of SARS-CoV resulted in more severe disease than infection with a non-adapted SARS-CoV strain^[@CR59],[@CR60]^. Moreover, MERS-CoV infection of wild-type mice that were transduced with human DPP4 caused mild disease, but symptoms were more severe in *Myd88*^−/−^ mice and *Ifnar1*^−/−^ mice^[@CR61]^.

SARS-CoV and MERS-CoV avoid host detection of their dsRNA by replicating in virus-induced double-membrane vesicles that lack PRRs^[@CR19],[@CR62],[@CR63]^. Moreover, the recognition of SARS-CoV mRNAs, for example, by MDA5 and IFIT1 is prevented by capping of the viral mRNAs by nsp14 and the nsp10--nsp16 complex^[@CR64]^. Recombinant SARS-CoV that lacks the methylation activity of nsp16 is attenuated and exhibits increased sensitivity to type I IFNs. This effect is dependent on IFIT1 or MDA5, as the same virus is not attenuated in mice that are deficient in either molecule^[@CR65]^. Although mRNA capping has not yet been shown for MERS-CoV, structural similarity between the MERS-CoV nsp10--nsp16 complex and the SARS-CoV nsp10--nsp16 complex suggests that a similar mechanism exists to avoid host recognition of MERS-CoV mRNAs by cytosolic PRRs^[@CR66]^.

SARS-CoV encodes at least eight proteins that interact with the signalling cascades downstream of PRRs; in MERS-CoV, several proteins have been identified with similar functions ([Fig. 3](#Fig3){ref-type="fig"}). The nucleocapsid protein of SARS-CoV has been associated with the suppression of [RNAi](#Glos9){ref-type="list"} in mammalian cells^[@CR67]^. Furthermore, this protein antagonizes IFN induction, probably early in the signalling cascade, as downstream signalling molecules relieve the inhibition^[@CR68]^. MERS-CoV ORF4a has a similar IFN-antagonistic function, involving the binding of dsRNA and subsequent inhibition of MDA5 activation^[@CR69]^, potentially through interaction with IFN-inducible dsRNA-dependent protein kinase activator A (PRKRA; also known as PACT), which interacts with MDA5 and RIG-I^[@CR70]^. Moreover, MERS-CoV ORF4a, ORF4b, ORF5 and membrane protein inhibit the nuclear trafficking of IFN-regulatory factor 3 (IRF3) and activation of the *IFNB* promoter^[@CR71]^. These viral proteins, except for ORF5, also inhibit the expression of genes that are under the control of an IFN-stimulated response element (ISRE), and ORF4a reduces the expression of genes that are stimulated by NF-κB^[@CR71]^. Finally, MERS-CoV ORF4b interacts with TBK1 and inhibitor of NF-κB kinase-ɛ (IKKɛ), thereby suppressing the interaction between IKKɛ and mitochondrial antiviral-signalling protein (MAVS) and inhibiting the phosphorylation of IRF3 (Ref. [@CR72]).

The membrane protein of SARS-CoV inhibits the formation of a signalling complex that contains IKKɛ, thus repressing the activation of IRF3 and IRF7 and their induction of type I IFN expression. The membrane protein of MERS-CoV inhibits IRF3 function and the expression of genes that are regulated by an ISRE, including IFNβ^[@CR71]^, but whether this occurs through a mechanism similar to that of SARS-CoV is unclear.

SARS-CoV PLpro disrupts NF-κB signalling^[@CR73]^ and blocks the phosphorylation of IRF3 indirectly^[@CR73],[@CR74]^. Furthermore, SARS-CoV PLpro inhibits the induction of type I IFNs, potentially through the deubiquitylation of phosphorylated IRF3 (Refs [@CR73],[@CR75]). Similar functions have been described for MERS-CoV PLpro^[@CR76]^.

Experiments involving recombinantly expressed proteins, *in vitro* translation, protein overexpression and [minireplicon systems](#Glos10){ref-type="list"} have shown that nsp1 of SARS-CoV blocks the IFN response through the inhibition of STAT1, degradation of host mRNAs and inactivation of the host translational machinery through a tight association with the 40S ribosomal subunit^[@CR77],[@CR78],[@CR79],[@CR80]^. Nsp1 of MERS-CoV also inhibits the translation of mRNAs and induces mRNA degradation, although the translational inhibition is achieved through a different mechanism than ribosome binding, which selectively targets the translation of nuclear mRNAs and thereby spares cytoplasmic viral mRNAs^[@CR81]^.

SARS-CoV ORF3b inhibits the production of type I IFN, the phosphorylation of IRF3 and gene expression from an ISRE promoter^[@CR82],[@CR83]^. SARS-CoV ORF6 also blocks the nuclear translocation of STAT1 (Ref. [@CR83]).

Both nsp7 and nsp15 from SARS-CoV were also suggested to be IFN antagonists, but the underlying mechanism is unknown^[@CR73]^. nsp15 is an inhibitor of MAVS-induced apoptosis; however, this occurs through an IFN-independent mechanism^[@CR84]^. Finally, transcriptomic and proteomic analysis of human airway cell cultures showed that MERS-CoV but not SARS-CoV induces repressive histone modifications that downregulate the expression of certain ISGs^[@CR85]^.

It should be noted that most of the interactions of SARS-CoV and MERS-CoV proteins with innate immune pathways were established in *in vitro* systems, which rely on the overexpression of viral and, sometimes, cellular proteins, and these interactions have rarely been confirmed in the context of viral replication *in vitro* or *in vivo*.

 {#Sec5}

Severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV) have an incubation period of ∼5 days, and 95% of patients develop disease within 13 days of exposure^[@CR14],[@CR38],[@CR144],[@CR145],[@CR146]^. Common early symptoms are fever, chills, coughing, malaise, myalgia and headache, and less common symptoms include diarrhoea, vomiting and nausea^[@CR2],[@CR6],[@CR39],[@CR89],[@CR90],[@CR92],[@CR95],[@CR144],[@CR146],[@CR147],[@CR148]^. Upper respiratory tract symptoms and viral shedding are rare, which explains difficulties in obtaining a laboratory diagnosis from nasal or nasopharyngeal swabs^[@CR149]^. Abnormal chest X-rays are more common in patients with MERS (90--100%)^[@CR144],[@CR148]^ than in those with SARS (60--100%)^[@CR39],[@CR89]^. Accordingly, only 20--30% of patients with SARS require intensive care and subsequent mechanical ventilation, whereas 50--89% of patients with MERS require intensive care^[@CR2],[@CR39],[@CR89],[@CR90],[@CR95],[@CR144],[@CR147],[@CR148]^. The higher incidence of acute respiratory distress syndrome (ARDS) in individuals with MERS is reflected in the case fatality rate: this is ∼36% for MERS compared with ∼10% for SARS^[@CR15],[@CR145]^.

Comorbidities have an important role in both SARS and MERS. Several risk factors are associated with poor disease outcome, especially advanced age and male sex^[@CR2],[@CR14],[@CR39],[@CR144],[@CR146],[@CR148],[@CR150],[@CR151]^. For MERS, additional risk factors for a poor outcome include diabetes mellitus, hypertension, cancer, renal and lung disease, and co-infections^[@CR14],[@CR144],[@CR146],[@CR148],[@CR150],[@CR151]^.

Health care settings seem to increase the risk of viral transmission owing to aerosol-generating procedures such as intubation and bronchoscopy. Appropriate hospital hygiene practices and awareness are crucial to limit future nosocomial outbreaks.

Treatment of severe coronavirus infections {#Sec6}
==========================================

Several strategies are being considered to treat infections with MERS-CoV ([Table 1](#Tab1){ref-type="table"}) and SARS-CoV, including the use of antibodies, IFNs, inhibitors of viral and host proteases, and host-directed therapies.Table 1Potential therapeutics for MERS[PowerPoint slide](#MOESM9){ref-type="media"}TreatmentStage of developmentReferencesHost protease inhibitors*In vitro* inhibition[@CR132]Viral protease inhibitors*In vitro* inhibition[@CR97],[@CR99],[@CR112],[@CR113],[@CR114]Repurposed FDA-approved drugs*In vitro* inhibition[@CR62],[@CR99],[@CR113],[@CR115]Monoclonal and polyclonal antibodiesEffective in mouse, rabbit and non-human primate models[@CR118],[@CR119],[@CR120],[@CR121],[@CR123],[@CR124],[@CR125],[@CR126],[@CR127],[@CR128]Convalescent plasmaEffective in a mouse model; clinical trial approved[@CR122]InterferonsEffective in non-human primate models; off-label use in patients[@CR87],[@CR97],[@CR98],[@CR99],[@CR101],[@CR102],[@CR103],[@CR104],[@CR105],[@CR108],[@CR109],[@CR110],[@CR111]RibavirinEffective in a non-human primate model; off-label use in patients[@CR87],[@CR88],[@CR101],[@CR102],[@CR108],[@CR109],[@CR111]Mycophenolic acidFailed to protect in a non-human primate model[@CR97],[@CR99],[@CR105],[@CR113]Lopinavir and ritonavirEffective in a non-human primate model; off-label use in patients[@CR105],[@CR109],[@CR110],[@CR111]MERS, Middle East respiratory syndrome.

***Current therapies.*** In the absence of a clinically proven effective antiviral therapy against SARS-CoV and MERS-CoV, patients mainly receive supportive care, which is often supplemented by different combinations of drugs. [Ribavirin](#Glos11){ref-type="list"}^[@CR86]^ and various types of IFN have been given to patients with MERS in Saudi Arabia^[@CR87]^ and China^[@CR88]^, typically in combination with a broad-spectrum antibiotic and oxygen. The efficacy of treatments for SARS-CoV and MERS-CoV infection currently remains unclear. In addition, treatment for MERS is typically started only in a late disease stage, when immunopathology predominates and antiviral drugs are likely to provide little benefit.

Ribavirin was used most frequently during the SARS outbreak, often in combination with corticosteroids, which have an anti-inflammatory effect^[@CR2],[@CR89],[@CR90],[@CR91],[@CR92]^. IFNα was also given, usually in combination with immunoglobulins or thymosins, which stimulate the development of T cells, and in a small number of cases in combination with ribavirin^[@CR93],[@CR94]^. None of these treatments was tested in a clinical trial, which makes it difficult to assess their efficacy. In fact, retrospective analysis did not yield a treatment combination that was clearly effective. Moreover, the data from patients are contradictory about whether ribavirin, when used alone, provided a benefit or was possibly even detrimental^[@CR89],[@CR90],[@CR92],[@CR95]^. *In vitro* coronaviruses have a lower sensitivity to ribavirin than other viruses. Deletion of the nsp14-encoding sequence increases the sensitivity of coronaviruses to ribavirin; however, the underlying mechanism is unclear and is not related to the proofreading function of nsp14 (Ref. [@CR96]). Therefore, ribavirin should be considered only in combination with other antiviral treatments.

Although IFNs are effective against MERS-CoV *in vitro*^[@CR97],[@CR98],[@CR99]^, their effect in humans has yet to be proved. The effectiveness of IFN is increased *in vitro* if ribavirin is added^[@CR98],[@CR100]^, and a combined use of the two drugs reduces disease severity in a rhesus macaque model of MERS^[@CR101]^. The potential side effects of these treatments, such as fatigue, depression and anaemia, have inhibited their use as a first-line treatment for MERS, and they are generally administered only after a patient\'s condition starts to deteriorate. For example, one study of five patients who were infected with MERS-CoV indicated no survival following ribavirin and IFNα2b therapy; however, therapy was not started until 10 days after admission^[@CR87]^. A separate study found an improvement in survival 14 days after MERS diagnosis and the start of treatment, but not 28 days after^[@CR102]^. In a third study, a combination of IFNα2a and ribavirin or IFNβ1a and ribavirin did not improve survival; however, some of the patients were more than 50 years old and had pre-existing renal failure^[@CR103]^. In a single case in which ribavirin and IFNα2b were started shortly after admission to hospital, the patient started to improve on day 6 after admission and made a complete recovery^[@CR104]^.

IFNβ1b is a more potent inhibitor of MERS-CoV replication *in vitro* than other types of IFN^[@CR97],[@CR99]^, and an improved outcome of disease was observed in common marmosets after challenge with MERS-CoV^[@CR105]^. Thus, the type of IFN that is used for treatment in humans should be reconsidered (usually, IFNα is used). Furthermore, ribavirin and/or IFNs should be tested in clinical trials to determine their efficacy in MERS treatment and to establish treatment protocols.

***Additional antiviral treatments.*** The protease inhibitors lopinavir and ritonavir, which are used in combination to treat infection with HIV, improved the outcome of patients with SARS when combined with ribavirin, compared with patients who were treated with ribavirin alone^[@CR106],[@CR107]^. Lopinavir showed no clear antiviral activity against MERS-CoV *in vitro*^[@CR97]^, and it is thus rarely used in patients with MERS. However, lopinavir and ritonavir improve the outcome in common marmosets when treatment is initiated 6 hours after infection with MERS-CoV^[@CR105]^. Thus, the testing of lopinavir and ritonavir in clinical trials in patients with MERS should be reconsidered. One patient who received [pegylated](#Glos12){ref-type="list"} IFNα, ribavirin, lopinavir and ritonavir in combination had undetectable levels of MERS-CoV in the blood 2 days after the initiation of therapy; however, this patient did not survive^[@CR108]^. The combination of IFNα, ribavirin, lopinavir and ritonavir was also used for MERS treatment in South Korea, but efficacy data are not yet available. However, three case reports indicate recovery in five out of seven patients who were treated with this combination^[@CR109],[@CR110],[@CR111]^.

As 3CLpro and PLpro are essential for cleavage of the viral polyproteins and are distinct from cellular proteases, they are ideal drug targets, in particular PLpro, which is involved in both viral replication and IFN antagonism. Indeed, most antiviral drug-like molecules have been developed against 3CLpro and PLpro, which was aided by the rapid report of crystal structures of these proteases^[@CR112]^.

PLpro was initially identified as a drugable target for SARS-CoV; recently, it has been noted that some of the compounds that target PLpro from SARS-CoV are also active against PLpro from MERS-CoV. For example, both 6-mercaptopurine and 6-thioguanine inhibit MERS-CoV and SARS-CoV *in vitro*^[@CR113]^; however, the efficacy of these molecules has not yet been tested *in vivo*. Mycophenolic acid also inhibits the replication of MERS-CoV *in vitro*^[@CR97],[@CR99]^ through the inhibition of PLpro^[@CR113]^, but it had no effect in marmosets^[@CR105]^.

As new coronaviruses are likely to emerge from bats, protease inhibitors were designed against bat coronaviruses with the goal of developing a universal antiviral compound against emerging zoonotic coronaviruses. This approach yielded an inhibitor of Tylonycteris bat coronavirus HKU4 (HKU4-CoV), which is closely related to MERS-CoV^[@CR11]^. This inhibitor, named SG85, indeed inhibits MERS-CoV replication *in vitro*^[@CR112]^. Similarly, [peptidomimetics](#Glos13){ref-type="list"} that target and inhibit 3CLpro of MERS-CoV, HKU4-CoV and Pipistrellus bat coronavirus HKU5 (HKU5-CoV) have also been identified, but have not yet progressed beyond the *in vitro* stage^[@CR114]^.

Several other drugs that were approved for use in humans were shown to inhibit the replication of MERS-CoV *in vitro*, notably chloroquine, chlorpromazine, loperamide and cyclosporine A^[@CR62],[@CR99],[@CR113],[@CR115]^, although their mechanisms of action are unknown, and the benefit of cyclosporine A in patients is debatable owing to the immunosuppressive effect of the drug. Although cyclophilin inhibitors that do not result in immunosuppression are available, their activity against MERS-CoV has not yet been tested.

***Antibody and plasma therapy.*** Plasma from convalescent patients and/or antibody therapies have been the leading proposed treatment for MERS so far^[@CR116]^. There are several potential advantages to this approach. For example, as case numbers increase, the pool of survivors becomes larger; provided these individuals have sufficiently high antibody titres and are willing and able to donate plasma, this is a low-tech, reasonably safe treatment option. Furthermore, generation of monoclonal antibodies for use in humans is well established, with a fairly straightforward path to safety and efficacy testing. However, to date, there are very few reports on the use of convalescent plasma and none on the use of monoclonal antibodies as treatments for acute, severe respiratory disease in humans. A post hoc meta-analysis of 32 studies of either SARS or severe influenza found a significant reduction in the pooled odds of mortality when convalescent plasma was used^[@CR117]^. However, study design was rated as low or very low quality, as there were generally a lack of control groups and a moderate-to-high risk of bias, which suggests that a properly designed clinical trial of convalescent plasma use in severe respiratory infections is needed^[@CR117]^. Potent monoclonal antibodies that neutralize the MERS-COV spike protein *in vitro* have been developed^[@CR118],[@CR119],[@CR120],[@CR121]^. However, with a few exceptions, *in vivo* data relating to the use of convalescent plasma or monoclonal antibodies in the treatment of MERS are currently lacking. Serum from high-titre dromedary camels decreased MERS-CoV loads in the lungs of mice that had been transduced with human DPP4 (Ref. [@CR122]). Human polyclonal antibodies against the spike protein were generated by vaccinating transchromosomic bovines, and treatment with these antibodies reduced viral titres in the lungs of DPP4-transduced mice when treatment was administered 24 or 48 hours after challenge with MERS-CoV^[@CR123]^. DPP4-transduced mice were also treated with humanized neutralizing monoclonal antibody 4C2h, which is directed against the receptor-binding domain of the MERS-CoV spike protein, 1 day after MERS-CoV challenge, and this treatment also decreased viral titres in the lungs^[@CR124]^, as did the neutralizing antibody LCA60, which was obtained from a convalescent patient and produced recombinantly^[@CR125]^. Human neutralizing monoclonal antibodies REGN3048 and REGN3051 also provided a benefit in mice that expressed human DPP4 and were challenged with MERS-CoV^[@CR126]^. The human neutralizing monoclonal antibody m332 reduced MERS-CoV replication in the lungs of rabbits following prophylactic, but not therapeutic, treatment^[@CR127]^. Treatment of rhesus macaques with the human monoclonal antibody 311B-N1 day after challenge resulted in reduced lung pathology^[@CR128]^. In all of these studies, viral replication was not completely inhibited, and there were some pathological alterations to the lungs, despite the therapy. Furthermore, none of the studies addressed the potential emergence of escape mutants *in vivo*.

Alternatively, antibodies that target the region of DPP4 that binds to the spike protein could be used to prevent entry of MERS-CoV; this approach was successful *in vitro*^[@CR129]^. However, whether such a treatment would be feasible and would not have substantial adverse effects in humans remains to be determined.

***Host-directed therapies.*** Host-directed strategies can also limit viral replication. For example, the spike protein of SARS-CoV is cleaved by cathepsin B and cathepsin L, transmembrane protease serine 2 (TMPRSS2) and possibly other host proteases^[@CR130],[@CR131]^. Inhibition of host serine proteases by camostat reduced the entry of SARS-CoV and increased survival in a mouse model^[@CR132]^. However, the targeting of host proteases is more likely to result in undesirable side effects than the targeting of viral proteases.

Another underappreciated strategy is attenuation of detrimental host responses. The development of such treatments would require a thorough understanding of the host responses that are involved in acute lung injury and ARDS, processes that are unfortunately poorly understood at the moment. Nonetheless, *in vitro* studies and limited studies in animal models with other respiratory viruses have shown that [anaphylatoxin C5a](#Glos14){ref-type="list"} is important for the development of acute lung injury, and blocking anaphylatoxin C5a can reduce lung pathology^[@CR133]^.

Changes in gene expression during *in vitro* MERS-CoV infection were used to predict potential effective drugs. One of the drugs with predicted efficacy, the kinase inhibitor SB203580, modestly inhibited SARS-CoV and MERS-CoV replication following the treatment of cells prior to infection, but treatment after infection inhibited replication of only SARS-CoV and not MERS-CoV^[@CR134]^.

***Vaccines.*** Vaccination could be used to prevent infection or to reduce disease severity, viral shedding and thereby transmission, thus helping to control MERS outbreaks. Several vaccination strategies were developed against SARS-CoV and tested in animals, such as an inactivated virus, a live-attenuated virus, viral vectors, [subunit vaccines](#Glos15){ref-type="list"}, recombinant proteins and [DNA vaccines](#Glos16){ref-type="list"}^[@CR135],[@CR136]^. Similar approaches have been used for the development of experimental MERS-CoV vaccines^[@CR137]^. To date, three MERS-CoV vaccines have been evaluated in non-human primates. In one study, rhesus macaques were primed with DNA encoding the spike protein, followed by boosts with spike DNA and with recombinant protein consisting of the spike subunit containing the receptor-binding domain, or primed and boosted once with the subunit protein. Both approaches reduced pathological changes in lung function in animals that were infected with MERS-CoV 19 weeks after the last vaccination^[@CR138]^. Moreover, three vaccinations with a recombinantly expressed protein that contains the receptor-binding domain of the spike protein reduced viral loads and lung pathology in rhesus macaques that were infected 2 weeks after the last vaccination^[@CR139]^. Three DNA vaccinations with a construct encoding the full-length spike sequence reduced viral loads and pathology in the lungs after challenge with MERS-CoV 5 weeks after the last vaccination^[@CR140]^.

One concern of vaccination in humans is vaccine-mediated enhancement of disease, a process in which the disease following infection is more severe in vaccinated individuals than in unvaccinated individuals. Although this was observed in only a small subset of vaccine studies that were carried out for SARS-CoV^[@CR136]^ and has not yet been observed in any of the published MERS-CoV vaccine studies, it is an important concern. Moreover, it is unclear who to vaccinate against MERS-CoV, as healthy individuals seem to be at little risk of severe disease. Older patients or patients with underlying disease, who have the highest risk of severe MERS, would be important target populations. However, vaccination in such patients can be problematic owing to their poor immune responses, as has been established for influenza virus^[@CR141]^. In addition, vaccination of people with a high risk of exposure to MERS-CoV, such as health care workers, slaughterhouse workers and camel herders, is advisable^[@CR142]^.

Outlook {#Sec7}
=======

As our understanding of the pathogenesis of emerging coronaviruses increases, so will the opportunities for the rational design of therapeutics that target viral replication or immunopathology. The rational design of new drugs and the repurposing of existing compounds have already resulted in the development of PLpro inhibitors and the identification of kinase inhibitors that inhibit the replication of SARS-CoV and MERS-CoV *in vitro*. However, only a few potential treatments have progressed past the identification of an effect *in vitro*, and *in vivo* studies to select the most promising treatment options are required. The development of several mouse models of MERS is thus an important step forward ([Box 2](#Sec8){ref-type="sec"}). Owing to the acute nature of MERS and the important role of immunopathology, combination therapies aimed at simultaneously inhibiting viral replication, limiting viral dissemination and dampening the host response are likely to yield the best results. Furthermore, treatment should be started as early as possible, rather than waiting until the patient has already developed extensive lung damage.

The development of therapies against SARS and MERS needs to focus on testing in humans, in properly controlled clinical trials. The current non-standardized, uncontrolled approach to treatment is not informative and may not be beneficial to the patient. The recent Ebola outbreak has demonstrated that rapid clinical trial design and approval are possible and that exceptional situations call for deviations from normal procedures ([Box 3](#Sec9){ref-type="sec"}).

While treatments are being developed and evaluated, the prevention of viral transmission is key to reducing the burden of MERS. The large proportion of nosocomial MERS-CoV infections indicates that preventive measures in hospitals are currently either not fully implemented or insufficient. Prevention of zoonotic transmission from dromedary camels is another possibility to decrease the number of MERS cases. The first vaccines against MERS-CoV have been tested in dromedary camels^[@CR140],[@CR143]^; indeed, when camels were vaccinated with a modified vaccinia virus that expresses the MERS-CoV spike protein, subsequent challenge of these animals with MERS-CoV resulted in less viral shedding than in unvaccinated animals^[@CR143]^, thereby potentially limiting the transmission to naive animals or to humans. Certainly, there has been progress in the development of vaccines and therapies against emerging coronaviruses, but more research and rigorous testing is required if we are to successfully combat these novel pathogens.

 {#Sec8}

Most of our understanding of the pathogenesis of severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS) comes from animal studies. Ideally, these models recapitulate all or specific aspects of human disease. Several mouse models have been established, for example by using mouse-adapted SARS coronavirus (SARS-CoV) or expressing human receptors in mice^[@CR152]^. Although it has been recognized that mice might poorly mimic specific human responses to infection, the availability of knockout and transgenic mice enables the targeted study of virus--host interactions. Several non-human primate models have been developed for SARS-CoV and MERS coronavirus (MERS-CoV)^[@CR152]^. The close relationship of non-human primates to humans often allows faithful recapitulation of a disease and the host response. However, these benefits are countered by the need for specialized husbandry, the sometimes limited availability of the animals and reagents, and high costs.

The pathogenesis of SARS-CoV and MERS-CoV in their respective reservoir hosts is not nearly as well studied as that in humans. Currently, only one experimental-infection study has been carried out in bats with MERS-CoV^[@CR153]^, and none has been carried out for other coronaviruses. Thus, data are mostly limited to the detection of coronaviruses in naturally infected bats. The detection of coronaviruses mainly in faecal samples from bats and not in oral swabs suggests that replication in bats occurs predominantly in the gastrointestinal tract^[@CR9],[@CR154],[@CR155]^. By contrast, a combination of intratracheal and intranasal inoculation of masked palm civets with SARS-CoV resulted in interstitial pneumonia, with oral and rectal viral shedding^[@CR156]^.

The pathogenesis of MERS-CoV in dromedary camels has been studied experimentally in a limited number of animals. These animals developed transient mild disease; however, large quantities of MERS-CoV were shed from the upper respiratory tract, in line with the predominant replication of MERS-CoV in the nasal turbinates and larynx in these animals, which explains the frequent zoonotic transmission^[@CR157]^.

 {#Sec9}

When the severe acute respiratory syndrome (SARS) outbreak developed into the first pandemic of the twenty-first century, it became clear that the medical and scientific communities were not adequately prepared for the emergence of highly pathogenic viruses. Whereas several months elapsed and several thousand cases of SARS were observed before the causative agent was identified as SARS coronavirus (SARS-CoV)^[@CR4],[@CR5],[@CR6]^, subsequent advances in molecular diagnostic tools, such as next generation sequencing, meant that Middle East respiratory syndrome coronavirus (MERS-CoV) was identified before it caused a large outbreak of MERS^[@CR11]^. The availability of the full-length genome of MERS-CoV enabled the rapid development and distribution of diagnostic assays. The first animal models of disease, several treatment efficacy studies and the identification of the reservoir followed soon after. Unfortunately, the SARS pandemic did not yield solid clinical data on the efficacy of treatment regimens. These data are urgently needed for the treatment of MERS, as well as to prepare for novel coronaviruses that may emerge. Several studies have used synthetic biology to study the zoonotic transmission potential of SARS-CoV-like viruses from bats^[@CR9],[@CR10],[@CR158],[@CR159]^.

The Ebola virus outbreak in West Africa has highlighted the need for fast-tracking of potential treatments, as several clinical trials were started only towards the end of the outbreak. The combined experiences of the outbreaks of SARS, MERS and Ebola provide a blueprint for the response to emerging pathogens: after the identification of the causative agent, diagnostic assays need to be developed and distributed rapidly, and simultaneously, awareness of the new syndrome and reporting of (suspected) cases must be increased. In addition, infection control measures in health care facilities are essential. Research needs to focus on understanding the epidemiology, including pathogen transmission and identification of the reservoir and/or intermediate hosts. Animal models need to be developed, as well as therapeutic and prophylactic measures. Finally, promising treatments need to be fast-tracked into clinical trials.
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Nosocomial transmission

:   Transmission of an infectious agent by staff, equipment or the environment in a health care setting.

Proofreading

:   The correction of errors that are acquired during the replication of DNA or RNA.

ER--Golgi intermediate compartment

:   (ERGIC). A cellular compartment that facilitates transport between the endoplasmic reticulum (ER) and the Golgi complex.

Super spreaders

:   Infected individuals who each infect a disproportionately large number of secondary cases.

Acute respiratory distress syndrome

:   (ARDS). A life-threatening condition in which the accumulation of fluid and inflammatory cells in the lungs decreases the exchange of oxygen and carbon dioxide to dangerously low levels.

Collaborative Cross mouse

:   One of a panel of recombinant inbred mouse strains derived from a genetically diverse set of founder strains and designed for the analysis of complex traits.

Perivascular cuffing

:   The aggregation of leukocytes around blood vessels.

Type I IFNs

:   (Type I interferons). A group of IFNs, including IFNα and IFNβ, with immune-modulating and antiviral functions.

RNAi

:   A biological process in which small RNA molecules induce the degradation of specific mRNA molecules, thereby inhibiting gene expression.

Minireplicon systems

:   Systems in which a DNA molecule is produced that contains the viral leader and trailer sequences, with an assayable reporter replacing the viral ORFs. When combined with the expression of viral proteins in *trans*, this system can be used to model the viral life cycle without the necessity of using infectious virus.

Ribavirin

:   A broadly active antiviral nucleoside analogue with several direct and indirect mechanisms of action; mainly used for the treatment of hepatitis C, in combination with interferon.

Pegylated

:   Having polyethylene glycol (PEG) attached, to a drug for example; this moiety improves the solubility, decreases the immunogenicity and increases the stability, of the drug of interest, thereby allowing a reduced dosing frequency to be used.

Peptidomimetics

:   Compounds that mimic biologically active peptides or proteins.

Anaphylatoxin C5a

:   A complement-activated molecule that is important for the recruitment to and activation of inflammatory cells in the lungs.

Subunit vaccines

:   Vaccines that contain immunogenic parts of a pathogen rather than the entire pathogen.

DNA vaccines

:   Vaccines based on the direct introduction of a plasmid encoding an antigen; following *in situ* production of this antigen, an immune response is mounted against it.
